The perennial herbs Silene vulgaris and S. uniflora are closely related, partially sympatric and interfertile, yet morphologically distinct. We used nuclear (allozyme) and plastid (polymerase chain reaction-restriction fragment length polymorphism) DNA markers to investigate whether these species have a shared history of postglacial colonization and hybridization in Europe, as inferred from large-scale patterns of geographic variation. The majority of plastid haplotypes and allozyme alleles were widespread and patchily distributed within both species and there was no geographic structure in the distributions of shared allozymes or haplotypes. The mosaic variation is consistent with a scenario in which repeated episodes of interspecific hybridization pre-dated the largely allopatric range expansion of the two species during the postglacial period. Our overall results are not consistent with a scenario of extensive hybridization and introgression during the postglacial range expansion of the species or within their current areas of sympatry, but we found some evidence for local, postglacial evolution and hybridization in the Baltic region.
INTRODUCTION
Many recent studies have demonstrated that molecular markers can be used to identify the geographic origins of populations, to explore historical patterns of migration and to reveal interspecific introgression. Whereas geographic variation in maternally inherited, haploid, plastid DNA markers provides a record of seed-mediated gene dispersal and population spread in plants (Ouborg, Picquot & van Groenendael, 1999; Ennos, 2001) , patterns of variation in biparentally inherited nuclear markers provide an integrated reflection of gene dispersal by both seed and pollen (Ouborg et al., 1999; Ennos, 2001 ). The spatial structuring of nuclear-encoded variation within species with more or less extensive pollen dispersal is expected to be more diffuse than that observed in plastid markers (Ouborg et al., 1999; Ennos, 2001) , but relatively few studies have examined large-scale patterns of geographic variation in both nuclear and plastid markers (see, for example, Grivet & Petit, 2002; Bartish, Kadereit & Comes, 2006; Magri et al., 2006; Beck, Schmuths & Schaal, 2008) .
Studies of plastid markers in European forest tree species have revealed striking, large-scale geographic patterns in the distributions of plastid haplotypes and haplotype lineages (Palmé & Vendramin, 2002; Petit et al., 2002b; Palmé et al., 2003; Heuertz et al., 2004) . The majority of these large-scale haplotype patterns have been interpreted in terms of scenarios of postglacial immigration from multiple southern and/or eastern refugial areas that were outside the regions covered by the Weichselian ice sheet (Hewitt, 1996; Ibrahim, Nichols & Hewitt, 1996; Petit et al., 1997) . Palaeoecological data support genetically inferred migrational scenarios for a number of tree species (Brewer et al., 2002; Petit et al., 2002a) . However, non-woody plant species are usually poorly represented in the pollen record and molecular markers may provide the only means of inferring migrational patterns.
Geographic patterns of haplotype distributions in tree species are frequently shared by groups of morphologically distinct, congeneric species (DumolinLapègue et al., 1997; King & Ferris, 2000; Palmé et al., 2004; Heuertz et al., 2006) . In European tree genera, these large-scale, geographically congruent patterns of haplotype sharing have been interpreted as evidence for 'pollen swamping' (Potts & Reid, 1988; Petit et al., 2004) , with a history of interspecific hybridization involving repeated, unidirectional, gene flow and introgression that has resulted in the sharing of plastid genomes by taxa that remain differentiated in morphology and in nuclear markers. It is suggested that, in such cases, the asymmetric introgression of plastid genomes occurred within refugial areas or during the earlier phases of postglacial range expansion (Ferris et al., 1993; Petit, Kremer & Wagner, 1993; Kremer et al., 2002; Petit et al., 2004) .
Patterns of inter-and intraspecific variation in plastid markers that are incongruent with those revealed by morphological data and nuclear markers suggest that historical hybridization may have contributed to complex patterns of differentiation and evolutionary relationships within and between taxa (Whittemore & Schaal, 1991; Ferris et al., 1993; Kremer et al., 2002; Petit et al., 2004; McKinnon, Smith & Potts, 2010) . The Pleistocene glaciations have been associated with repeated cycles of change in the geographic distribution of habitats, species and plant assemblages in both Europe and North America (Andersen & Borns, 1994) . Species and populations have undergone periods of isolation and been brought into renewed contact in different combinations and under different ecological conditions. Opportunities for hybridization must have arisen repeatedly and it is likely that hybridization and introgression will have played an important evolutionary role within many groups of plant taxa (cf. Rieseberg & Welch, 2002; Rieseberg et al., 2003; Cronn & Wendel, 2004; Heuertz et al., 2004; Palmé et al., 2004) .
There have been relatively few extensive, largescale studies of geographic pattern in maternally inherited markers in non-woody plants and even fewer studies that cover pairs of closely related nonwoody species. Variation in Arabidopsis thaliana (L.) Heynh. revealed a pronounced geographic structure that was interpreted in terms of Pleistocene range dynamics (Beck et al., 2008) . A study of another herb, Silene dioica (L.) Clairv., showed geographic patterns that were consistent with postglacial immigration into Europe from multiple source populations and also suggested geographically congruent sharing of haplotypes with the closely related S. latifolia (Mill.) E.H.L.Krause (Prentice, Malm & Hathaway, 2008; Hathaway, Malm & Prentice, 2009 ). Among forage grasses, patterns of variation in plastid haplotype frequencies in populations of Lolium perenne L. were interpreted in terms of the early spread of agriculture (Balfourier, Imbert & Charmet, 2000) , whereas the geographic pattern in Festuca pratensis Huds. was thought to be better explained by expansion from glacial refugia (Fjellheim et al., 2006) .
In the present study, we characterize large-scale patterns of genetic differentiation in nuclear (allozyme) and plastid markers in an extensive sample of populations from a widespread, and partially sympatric, pair of perennial European herbs, Silene vulgaris (Moench) Garcke and S. uniflora Roth (Caryophyllaceae). Silene vulgaris is widespread as a weed of disturbed and agricultural habitats, whereas S. uniflora has a predominantly coastal distribution. Although the species may have had largely separate histories of postglacial spread, they show a high degree of interfertility and form hybrid swarms where populations are brought into contact as a result of human disturbance (Marsden-Jones & Turrill, 1957; Runyeon-Lager & Prentice, 2000; Andersson, Månsby & Prentice, 2008) .
The first aim of the study was to examine whether there was a large-scale patterning of variation in nuclear and/or plastid markers (in one or both species) that could be interpreted in terms of postglacial population expansion from southern and/or eastern refugial areas. Our second aim was to examine whether the inter-or intraspecific distribution of nuclear or plastid markers could provide evidence of a history of interspecific hybridization and introgression and, if so, whether there was more extensive interspecific sharing of nuclear alleles or plastid haplotypes within the current area of sympatry. Shared patterns of marker variation within areas of current sympatry would be consistent with a recent history of introgression. In contrast, interspecific sharing of nuclear or plastid variation outside the current area of sympatry could only be explained by processes that occurred prior to postglacial range expansion: the incomplete sorting of ancestral polymorphism or ancient interspecific hybridization and introgression.
MATERIAL AND METHODS

THE SPECIES
The bladder campions, S. vulgaris and S. uniflora (Caryophyllaceae), are morphologically distinct and both are widely distributed in Europe (MarsdenJones & Turrill, 1957; Aeschimann & Bocquet, 1980) . Both species are gynodioecious/gynomonecious perennial herbs (Marsden-Jones & Turrill, 1957) and are mainly pollinated by crepuscular moths and solitary bees (Pettersson, 1991; Jonsell & Prentice, 2001) . Silene vulgaris behaves as a ruderal or arable weed in northern Europe and as an invasive weed in North America (Taylor & Keller, 2007) , but the species also occurs in natural or seminatural habitats in the Alps and in montane and coastal areas in the Mediterranean region. Silene vulgaris is predominantly diploid, but tetraploid populations occur locally in the Mediterranean region (Jalas & Suominen, 1986) . Silene uniflora is diploid, grows on stony or sandy shores and has a North Atlantic, mainly coastal, distribution (Jalas & Suominen, 1986) . Although S. uniflora is sympatric with S. vulgaris throughout most of its range, S. vulgaris also occurs in large areas of inland Europe that are outside the range of S. uniflora (Jalas & Suominen, 1986) . The two species are morphologically distinct and occupy different habitats, but they are interfertile (Marsden-Jones & Turrill, 1957; Walters, 1975; Runyeon-Lager & Prentice, 2000; Andersson et al., 2008) and hybridize when their populations are brought into contact by anthropogenic disturbance (Marsden-Jones & Turrill, 1957; Runyeon & Prentice, 1996 , 1997a .
SEED COLLECTION AND CULTIVATION
Seed from 183 populations (Fig. 1, Appendix 1 ) was collected by colleagues or obtained as wild-collected bulk samples (without information on the numbers of sampled individuals) via the European botanic gardens seed exchange network. To maximize the chance of detecting large-scale spatial patterns, we gave priority to obtaining material from a large number of populations with a wide geographic coverage, at the expense of large within-population sample sizes (cf. Kadereit et al., 2005; Magni et al., 2005 S. uniflora, respectively) were scored for variation at four polymorphic loci; Pgi-2 (10 alleles), Pgm-1 (8 alleles), Pgm-2 (9 alleles) and Tpi-1 (6 alleles). In addition to alleles detected in earlier studies (Prentice & Giles, 1993; Runyeon & Prentice, 1996 , 1997a , four alleles were newly detected in the present study. Allele frequencies are summarized in Appendix 2.
ANALYSIS OF PLASTID DNA
Young leaves from a total of 345 individuals [269 of S. vulgaris; 76 of S. uniflora; one to four (mean 2.2) per population] from 160 populations (127 and 33 of S. vulgaris and S. uniflora, respectively) were sampled for plastid analysis (Appendix 1). Polymerase chain reaction-restriction fragment length polymorphisms (PCR-RFLPs) (following the methods in Malm & Prentice, (2005) with minor modifications) were used to identify haplotypes. Preliminary analyses of a geographically spread subset of populations were carried out to identify universal primer pair/restriction enzyme combinations (Taberlet et al., 1991; Demesure, Sodzi & Petit, 1995) that revealed polymorphisms. The main analyses were based on eight primer-pair/enzyme combinations (Demesure et al., 1995): trnK-trnK/AluI, trnK-trnK/EcoRI, trnK-trnK/ HinfI, trnC-trnD/HinfI, trnC-trnD/NdeII, psbCtrnS/HaeIII, psbC- (Table 1) . Restriction fragments were separated in 3% agarose gels and the base-pair ladders Roche VIII and XVI were used as size markers. None of the primer pairs showed similar fragment patterns when cut with the different restriction enzymes used in the study. The band phenotypes produced by each of the eight primer pair/enzyme combinations were used to construct composite haplotypes (Appendix 3). et al. (1995) . † See Appendix 3 for the composite haplotypes based on the eight primer pairs.
trnS/MspI and trnS-trnFM/HinfI
STATISTICAL ANALYSES
The occurrences of individual allozymes and plastid haplotypes were mapped onto the geographic positions of the sampled populations and the maps were inspected for patterns in the distribution and sharing of allozyme alleles, plastid haplotypes or groups of related plastid haplotypes (inferred from a minimum spanning tree) and in the number of alleles or haplotypes per population.
Rogers ' (1972) genetic distance (based on withinpopulation allele frequencies at the four allozyme loci) was used to generate a matrix of pairwise interpopulation allozyme dissimilarities (program NTSYSpc, ver. 2.2; Rohlf, 2005) . A between-population matrix of plastid dissimilarities was obtained using Jaccard coefficients based on the within-population presence/ absence of haplotypes. Mantel tests (Mantel, 1967) were used to test for significant overall geographic pattern by comparing the matrices of allozyme and plastid distances, respectively, with the matrix of inter-population geographic distances (derived using GenAlEx 6; Peakall & Smouse, 2006) . A Mantel test was also used to test for congruence between patterns of variation in allozymes and plastid markers. All Mantel tests were based on the 105 populations (from both species) that were represented by both allozyme and plastid data from two or more individuals.
We used the program Arlequin 3.0 (Excoffier, Lavel & Schneider, 2005) to produce a minimum spanning tree (MST) and a minimum spanning network (MSN) summarizing between-haplotype relationships, based on a matrix of absolute pairwise differences between the plastid haplotypes. The unrooted MST was displayed using the program Treeview 1.6.6 (Page, 1996) .
Small within-population sample sizes meant that it was not appropriate to calculate diversity statistics based on allozyme or plastid data. However, because 164 of 183 populations were represented by comparable sample sizes (three to six individuals), in the allozyme data set, we used the total number of alleles (in each of the populations with data from two or more individuals, Appendix 1) as a crude measure of within-population allelic richness, and the number of haplotypes (in populations with data from two or more individuals; Appendix 1) as a crude measure of plastid haplotype polymorphism.
RESULTS
ALLOZYME FREQUENCIES
Of the 33 allozyme alleles found in the study, 11 were not detected in S. uniflora (Appendix 2). At the Pgi-2 locus, the two most common alleles in S. vulgaris were alleles 3 (40.7%) and 4 (28.9%), whereas the two most common alleles in S. uniflora were alleles 2 (51.9%) and 3 (18.8%). At the remaining three loci, the same alleles were most common in both species (Appendix 2).
GEOGRAPHIC PATTERNS IN ALLOZYMES
The occurrences of the individual alleles mostly show little geographic pattern and the majority of the shared alleles are widely distributed within both species. For example, within S. vulgaris, alleles Pgi-2-4 ( Fig. 2A) and Pgm-1-3 (Fig. 2B) and Pgm-1-4 and Pgm-2-1f (not illustrated) were mainly found in populations in the eastern part of the sampled range (cf. Fig. 1 ). Pgi-2-4 was also present in S. vulgaris in the Iberian Peninsula and the Canary Islands, and two of its occurrences in S. uniflora were in northern France, outside its distribution in S. vulgaris ( Fig. 2A) . In S. uniflora, Pgm-1-3 occurred in two, disjunct, regions (western France, southern Scandinavia; Fig. 2B ). There were minor concentrations of rare (with overall within-species frequencies of < 1.0%; Appendix 2) alleles in S. vulgaris in the Alpine region and in S. vulgaris and S. uniflora ssp. petraea on the Baltic islands of Öland and Gotland.
Despite small sample sizes, most of the 164 populations represented by three to six individuals contained two or more alleles per locus. The total numbers of alleles per population varied between four and 13 (Fig. 3) . All S. vulgaris populations west of a line running roughly from Italy to the Netherlands contained seven or more alleles and all populations with fewer alleles occurred east of this line (Fig. 3A) . Most of the populations with 10-13 alleles were located in southern France, in the regions adjacent to the Alps, and in the southern Baltic region. In S. uniflora, populations in northern Norway, northern Sweden and Finland tend to have relatively few alleles (Fig. 3B) .
In agreement with the weak geographic patterns, there was no significant relationship between the matrices of allozyme and geographic distances (Mantel test; r = 0.041, P = 0.200) for the pooled S. vulgaris and S. uniflora material.
PLASTID DNA POLYMORPHISM Three to eight different band phenotypes were detected in fragments from four pairs of primers (trnK-trnK, trnC-trnD, psbC-trnS and trnS-trnfM; Table 1 ). Seventy-five composite haplotypes, based on the band phenotypes, were identified in the sample of 160 populations of S. vulgaris and S. uniflora (Appendices 1 and 3). Fifteen haplotypes were found in both species, 45 were found only in S. vulgaris and 15 only in S. uniflora. H20 and H25) were relatively common and occurred in ten or more populations (Appendix 3).
RELATIONSHIPS BETWEEN PLASTID HAPLOTYPES
The relationships between the 75 composite haplotypes are summarized in Figure 4 . The unrooted MST reveals four main groups of haplotypes (denoted I-IV). The proximal position in each of the groups is occupied by one of the most common haplotypes: H1, H2, H4 and H20, respectively (Fig. 4, Appendix 3) . The 15 haplotypes shared by both species occupy internal positions within the MST (Fig. 4) . All haplotypes occupying the most distal positions within lineages are private to either S. vulgaris or S. uniflora. In addition to the links in the MST, the MSN revealed 80 alternative links between the haplotypes: 51 within-group links and 29 between-group links (not shown). 
THE DISTRIBUTIONS OF HAPLOTYPES AND HAPLOTYPE GROUPS
The four groups of haplotypes are widely distributed within both species (Fig. 5A-D) . Group I haplotypes occur from the Alpine region, through central and southern Europe and northwards into the Baltic area (Fig. 5A) . Haplotype H1 occurs widely within the whole distribution of group I. In the Alpine region, some S. vulgaris populations contain haplotypes belonging to distal lineages that differ from H1 in more than one primer pair/restriction enzyme phenotype (Fig. 4) . In S. uniflora, all haplotypes in the lineage (H1)-H12-H13-H29 were detected in southern Norway.
Group II haplotypes are widely distributed in both species. H2 (the most proximal haplotype in group II) was not detected in S. uniflora, but has a wide distribution in central European S. vulgaris. Group II is comprised of five lineages, or lineage groups, that are more than one step from H2 (Fig. 4) In group III (Fig. 4) , most haplotypes link directly to H4, which is present throughout the distributional area of both species. Group III haplotypes have the widest geographic distribution of any of the four groups (Fig. 5C ) and show a concentration in Italy and the Alpine region. Group III contains one lineage group and three shorter lineages that are more than one step from H4. Haplotypes within the lineage group based on H31 occur in the Alpine region, Germany, Poland and on Sicily in S. vulgaris, and in southern Norway and on the Baltic island of Öland in S. uniflora. The (H4)-H22-H50 lineage occurs in northern France (S. vulgaris) and northern Spain and south-western France (S. uniflora), whereas the (4)-62-75 lineage is present in both species in Italy. The remaining haplotypes in group III are linked directly to H4. H64 occurs in both species; the other seven haplotypes (H5, H7, H10, H40, H42, H70, H71) were detected only in S. vulgaris (Fig. 5C) .
The haplotypes in group IV are widely distributed, but almost absent from the Alpine and Mediterranean areas (Fig. 5D ). There is a concentration of group IV haplotypes in the Baltic region and on Iceland. H20 occurs throughout the group IV distributional area, apart from the southern Baltic region, and it is present in both species (Fig. 5D) . Haplotype H25 is common in S. vulgaris, especially in the Baltic region, and also occurs in S. uniflora in southern Sweden. Within the lineage group based on H25, H51 is absent from S. vulgaris but is widely scattered throughout the distribution of S. uniflora. Within the lineage (H20)-H48-H53, H48 is found throughout most of the distribution of S. uniflora and in one S. vulgaris population in Germany, whereas H53 occurs in one S. uniflora population on Iceland. Haplotypes in the (H20)-H54-H57 lineage were only detected in S. vulgaris in Estonia and the members of the (H20)-H24-H59 lineage in two southern S. vulgaris populations (Fig. 5D) .
Thirty-eight of the polymorphic S. vulgaris populations and eight of the polymorphic S. uniflora populations contained haplotypes from two or more haplotype groups (Figs 4, 5) . Although 14 populations (out of 24 represented by Ն 2 individuals) of S. uniflora contained more than one haplotype, there was no obvious pattern in the distribution of within-and between-group polymorphisms in this species (Fig. 6 ). In the case of S. vulgaris, all but one of the populations that were polymorphic for haplotypes within the same group occurred east of a line from Italy to the Netherlands. Populations of S. vulgaris in southern Scandinavia and the Baltic region were all polymorphic for haplotypes belonging to different groups.
The matrices of plastid and allozyme distances were uncorrelated (Mantel test; r = 0.055, P = 0.110) but there was a weak correlation between the betweenpopulation matrices of geographic and plastid genetic distances for the pooled S. vulgaris and S. uniflora material (Mantel test; r = 0.104, P = 0.030).
INTERSPECIFIC HAPLOTYPE-SHARING
The sharing of haplotypes between the two species is not related to present areas of sympatry. Despite the wide distribution of the most common shared haplotypes, only two of the shared haplotypes, H20 and H25, co-occurred in the coastal areas where the two species are currently sympatric (Fig. 5D) . Similarly, H4, H8, H12, H13, H35 and H48 occurred in both species, but were only present in one of the species in the areas of sympatry (Fig. 5) . 
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DISCUSSION
Geographic structure in the distribution of genetic variation has provided valuable insights into patterns of postglacial spread in many European tree species, and in some non-woody species, but the present study of a pair of closely related European herbs revealed little large-scale structuring of variation in nuclear or plastid markers. The majority of allozyme alleles and plastid haplotypes were widespread and patchily distributed throughout the distributional areas of both S. vulgaris and S. uniflora. The wholesale sharing of allozyme alleles and plastid haplotypes detected in the present study is consistent with these interfertile species having a shared history of hybridization, despite their current morphological and ecological separation. However, in contrast to many European tree species, in which geographic structure in plastid haplotypes is shared across species boundaries, the lack of interspecific congruence in the distributions of plastid haplotypes and haplotype lineages in S. vulgaris and S. uniflora suggests that the haplotype sharing is not a result of interspecific hybridization and pollen swamping during postglacial expansion. The sharing of plastid haplotypes and allozyme alleles is also not likely to reflect extensive, recent hybridization in areas of sympatry, although there is evidence that suggests limited, local hybridization in the Baltic region. The mosaic pattern of variation in both species might reflect the incomplete sorting of polymorphisms that were present in a common ancestor (or ancestral lineages), before the morphological Figure 6 . Populations containing two or more plastid haplotypes. Silene vulgaris population containing haplotypes belonging to different groups (᭹); S. vulgaris population with haplotypes from the same group (᭺); S. uniflora population with haplotypes from different groups ( ); S. uniflora population with haplotypes from the same group (ᮀ) (cf. Fig. 4 and Appendices 1 and 3).
and ecological divergence of the present species. However, the lack of detectable structure in nuclear or plastid markers is also consistent with a scenario in which the species followed separate postglacial immigration trajectories, with extensive interspecific hybridization having already taken place before their expansion from the Mediterranean region.
THE DISTRIBUTION OF GENETIC VARIATION IN S. VULGARIS AND S. UNIFLORA DOES NOT REVEAL CLEAR LARGE-SCALE GEOGRAPHIC PATTERNS
The study revealed little overall relationship between the distributions of allozyme alleles or plastid haplotypes and the morphologically defined species or subspecies. Haplotypes from the four major lineage groups (Fig. 4) were represented in both species, as were two-thirds of the allozyme alleles (Appendix 2). In contrast to the species pair S. dioica and S. latifolia (Hathaway et al., 2009) , neither allozymes nor plastid haplotypes showed clear patterns of intraspecific geographic differentiation in S. vulgaris or S. uniflora. The majority of the more frequent allozyme alleles were widely and patchily distributed within the ranges of both species. Nevertheless, despite the overall lack of a significant relationship between allozyme variation and location, a few individual alleles showed a tendency towards an intraspecific geographic pattern in one or the other species. For example, within S. vulgaris, four alleles (at three loci) showed eastern distributions in the European area (cf. Fig. 2) .
Earlier studies have shown that, despite the general expectation that biparentally inherited markers will show a more diffuse pattern of infraspecific variation than maternally inherited plastid markers (Newton et al., 1999; Finkeldey & Mátyás, 2003) , nuclear markers may reveal geographic structure that can be cautiously interpreted in terms of migrational scenarios. For example, on a regional scale, patterns of allozyme variation in the forest plants S. dioica and Melica nutans L. suggested possible directions of postglacial immigration into Fennoscandia (Malm & Prentice, 2002; Tyler, Prentice & Widén, 2002) and, on a European scale, east-west differentation in Melica ciliata L. and Viola odorata L. was interpreted in terms of immigration from separate source areas (Tyler, 2004; Marcussen, 2006) . A large-scale allozyme study of the European tree Fagus sylvatica L. revealed regional structure that was not detected by plastid markers (Magri et al., 2006) .
The weak suggestion of a large-scale east-west geographic pattern in S. vulgaris allozymes is consistent with a scenario in which weedy populations spread into northern Europe, following the expansion of agriculture along separate eastern and western routes (cf. Vellekoop et al., 1996; Zohary & Hopf, 2000) . However, large-scale patterns of allozyme variation may also reflect adaptive processes and be related to climatic or environmental variation (cf. Lumaret, 1984) . East-west allelic patterns in S. vulgaris may thus reflect adaptive as well as historical processes (cf. Prentice, 1986) .
Phylogeographic pattern has been detected in AFLP studies of several European coastal plants (Kadereit et al., 2005; Kadereit & Westberg, 2007) . However, a study of the coastally distributed Calystegia soldanella (L.) R.Br. (Arafeh & Kadereit, 2006 ) revealed a mosaic pattern of nuclear differentiation, as in the coastal populations of S. uniflora ssp. uniflora in the present study. A study of the coastal Carex extensa Gooden. also revealed a lack of isolation by distance among northern populations, suggesting multiple colonization events (Escudero et al., 2010) .
All four of the main haplotype lineage groups in Figure 4 were widely distributed within the ranges of both S. vulgaris and S. uniflora and the haplotype distributions showed no coherent inter-or intraspecific geographic structure that might suggest directions of immigration from geographically separate and genetically differentiated source populations. These results agree with those of Taylor & Keller (2007) , who found no evidence of geographic structure in plastid sequence data in a sample of 28 European S. vulgaris individuals. In contrast, studies of the herbs S. dioica (Prentice et al., 2008) and Arabidopsis thaliana (Beck et al., 2008) and the forage grasses Festuca pratensis (Fjellheim et al., 2006) and Lolium perenne (Balfourier et al., 2000) revealed, as in many tree species (e.g. Palmé & Vendramin, 2002; Petit et al., 2002b; Palmé et al., 2003; Heuertz et al., 2004) , large-scale geographic structuring of plastid variation.
The present distributions of agricultural weeds, such as S. vulgaris, are likely to reflect repeated establishment, local extinction and re-establishment of populations from a wide range of different origins. Even if genetically differentiated weedy populations of S. vulgaris spread northwards into Europe from separate source areas (cf. Zohary & Hopf, 2000) , the repeated establishment of ephemeral populations is likely to have involved a long history of founder events and population mixing, obliterating most traces of any genetic structure that might have been present in the native range of the species in the Mediterranean region.
A study of Calluna vulgaris (L.) Hull (Rendell & Ennos, 2002) , a dwarf shrub that is dependent on open (often anthropogenically managed) habitats, also revealed a patchy distribution of plastid haplotypes. Calluna vulgaris has a predominantly northern and western distribution in Europe and Rendell & Ennos (2002) suggested that the lack of geographic structure and the high levels of intra-population poly-MOSAIC VARIATION IN SILENE 139 morphism might be explained by the fact that the species was not only restricted to distant and isolated refugia in southern Europe during the last glaciation. However, a similar explanation would seem to be less plausible for the lack of geographic structure in S. vulgaris, with its southern native distribution.
Despite the small sample sizes, 64 out of the 160 populations of S. vulgaris and S. uniflora analysed for plastid DNA contained more than one haplotype and as many as 46 populations contained haplotypes from more than one haplotype group (Fig. 6) . The high level of intra-population polymorphism in S. vulgaris suggests that there has been extensive mixing of populations and this is consistent with the suggestion that the patchy distribution of haplotypes within S. vulgaris reflects complex patterns of seed-mediated gene dispersal and the repeated establishment of weedy populations. Štorchová & Olson (2004) investigated plastid variation in eight S. vulgaris populations from Central Europe and the Alps and also detected intrapopulation haplotype polymorphism. However, Štor-chová & Olson (2004) interpreted the high levels of haplotype diversity in their populations in terms of large population sizes and relatively low levels of population turnover (cf. McCauley et al., 2003) .
SHARING OF HAPLOTYPES AND ALLELES ACROSS SPECIES BOUNDARIES: ANCIENT HYBRIDIZATION OR ANCESTRAL POLYMORPHISM?
An increasing number of studies reveal incongruence between patterns of morphological differentiation and patterns of variation in plastid markers, within groups of congeneric plant species (Whittemore & Schaal, 1991; Cronn & Wendel, 2004; Petit et al., 2004) . The geographic coincidence of patterns of shared haplotypes in closely related species groups within tree genera (Dumolin-Lapègue et al., 1997; King & Ferris, 2000; Palmé et al., 2004; Heuertz et al., 2006) is usually interpreted in terms of interspecific hybridization and the introgression of plastid genomes (cf. Petit et al., 2004) . This gene exchange is thought to have occurred either within refugial areas or during population colonization after the retreat of the Weichselian ice sheet in Europe, or as a result of more recent hybridization events (Ferris et al., 1993; Petit et al., 1993 Petit et al., , 2004 Dumolin-Lapègue, Kremer & Petit, 1999; Kremer et al., 2002) .
Silene vulgaris and S. uniflora shared all four of the major plastid haplotype lineage groups that were detected in the MST (Fig. 4) and they also shared 15 out of 75 of the individual haplotypes identified in the present study. The shared haplotypes and haplotype lineages were scattered throughout the distributions of both species. For example, when haplotypes H4, H8, H12, H35 and H48 (which occurred in both S. vulgaris and S. uniflora in four or more populations; Fig. 5 ) were detected in one species within a present area of sympatry, they were absent from the other species in the same area. A similar lack of geographic congruence was found for the shared allozyme alleles. For example, Pgi-2-4, which is an 'eastern' allele in S. vulgaris ( Fig. 2A) , is absent from northern France in S. vulgaris but present in northern French populations of S. uniflora. Similarly, the Pgm-2-2f allele occurs in both species, but in widely separate areas. The lack of coincident, geographic patterns suggests that the interspecific haplotype and allele sharing is unlikely to be a consequence of hybridization during the early phases of the range expansion of the species from the Mediterranean region, and that the two species are likely to have had largely separate histories of postglacial immigration into northern Europe, despite the fact that they share the majority of the alleles detected at the four allozyme loci.
Silene uniflora ssp. uniflora is likely to have been an early colonizer of naturally open habitats (Runyeon & Prentice, 1997a ) within a narrow coastal zone. In contrast, weedy populations of S. vulgaris are presumed to have spread northwards, following the expansion of agriculture (cf. Zohary & Hopf, 2000) . During most of the postglacial period, interspecific contact and opportunities for hybridization are likely to have been restricted to coastal areas, where the two species are currently sympatric. The overall lack of geographic congruence between patterns of variation in S. vulgaris and uniflora cannot easily be explained in terms of postglacial hybridization and introgression and it suggests that the two species have had a long and complex earlier history of contact and gene exchange. The widespread and patchy distribution of shared haplotypes, haplotype lineages and allozymes in both species could be explained by repeated contact and hybridization in southern Europe and the Mediterranean region during range shifts under more than one glacial-interglacial cycle (cf. van Dijk & Bakx-Schotman, 1997) . Alternatively (or additionally), the shared haplotypes and allozymes may represent ancestral polymorphisms that existed prior to the divergence of S. vulgaris and S. uniflora (Comes & Abbott, 2001; Muir & Schlötterer, 2005 , 2006 Modliszewski et al., 2006) .
LOCAL INTROGRESSION AND HAPLOTYPE SHARING
The lack of widespread haplotype sharing in current areas of sympatry and the mosaic distribution of genetic variation within these Silene spp. suggest that recent hybridization and introgression have made a relatively small contribution to the overall interspecific distributions of the shared haplotypes. Nevertheless, both allozyme and plastid markers provide some limited evidence for recent interspecific introgression. For example, the occurrence of haplotype H25 (a widespread haplotype in southern Baltic populations of S. vulgaris) in a sympatric population of S. uniflora (Fig. 5D) suggests that some hybridization and introgression have occurred within, or near to, the current area of sympatry (cf. Jonsson & Prentice, 2000) .
GENETIC VARIATION AND DIVERSIFICATION IN THE NORDIC COUNTRIES AND THE BALTIC REGION
Earlier studies have drawn attention to the expectation that founder events during postglacial immigration will lead to the stochastic loss of variation (e.g. Ibrahim et al., 1996) and have suggested that areas of relatively high genetic diversity may indicate proximity to refugial areas or postglacial contact zones between groups of populations that have occupied separate glacial refugia (e.g. Hewitt, 2001; Heuertz et al., 2006; Escudero et al., 2010) . In agreement with these expectations, several studies of European plants reveal a northward decline in allelic richness or haplotype diversity (Grivet & Petit, 2002; Van Rossum & Prentice, 2004; Beck et al., 2008) . In the present study, the low numbers of allozyme alleles and lack of haplotype polymorphism in some of the northernmost populations of the coastal S. uniflora ssp. uniflora (cf. Figs 1, 3B, 6) might reflect a loss of variation as a result of stochastic dispersal processes within a narrow migrational zone (cf. Bialozyt, Ziegenhagen & Petit, 2006) , as has also been suggested for the coastal sedge, Carex arenaria L. in the same area (Jonsson & Prentice, 2000) . However, despite the general expectation of reduced variation in northern populations within previously glaciated areas, concentrations of rare alleles and relatively high levels of genetic variability have been observed within the Baltic region in several earlier plant studies (Jonsson & Prentice, 2000; Tyler, 2002; Kadereit et al., 2005; Hathaway et al., 2009; Hedrén, 2009; Nordström & Hedrén, 2009) . Although some of the northernmost populations of S. uniflora appear to be genetically impoverished, populations of both S. vulgaris and S. uniflora in the southern Baltic region contain concentrations of rare alleles and show levels of allelic and haplotype richness comparable with those in the Mediterranean area, which represents the current native range of S. vulgaris. The Baltic/ Scandinavian region also contains a number of unique haplotypes and distal haplotype lineages within haplotype groups II, III and IV (Figs 4, 5B-D) .
Populations of weedy S. vulgaris in northernmost Europe are often ephemeral and re-establishment is likely to involve low rates of long-distance seed dispersal, which may contribute to the maintenance of intra-regional plastid haplotypic variability (e.g. Bialozyt et al., 2006) . In addition, whereas stochastic processes in small, peripheral populations may be expected to lead to the loss of within-population polymorphism, stochastic events in peripheral populations may also be expected to allow the fixation, and thus the regional persistence, of novel local mutations (Lesica & Allendorf, 1995) . The presence of unique haplotype lineages in northern peripheral populations of both Silene spp. in the Baltic/Scandinavian region also suggests local evolution and diversification from haplotypes that entered the region during the postglacial period (cf. Figs 4, 5) .
The coastal S. uniflora ssp. uniflora is absent from the Baltic islands of Öland and Gotland, where the species is represented by the morphologically and ecologically distinct local endemic ssp. petraea. The tendency for both weedy S. vulgaris and native S. uniflora ssp. petraea populations to contain higher numbers of alleles on the Baltic islands, where the two species are known to hybridize (Runyeon & Prentice, 1997b; Runyeon-Lager & Prentice, 2000; Andersson et al., 2008) may, at least in part, reflect ongoing interspecific introgression. However, earlier regional studies based on larger sample sizes suggest that current introgression cannot explain the high level of genetic variation in S. uniflora ssp. petraea (Runyeon & Prentice, 1996 , 1997a 
